randomized or nonrandomized controlled trials. The processes of study search, selection, and quality assessment were conducted independently and in duplicate. Original outcome data underwent statistical pooling through Review Manager 5. RESULTS: Fourteen eligible studies were finally included and two interventions (RME and SME) studied. Four outcomes (maxillary intermolar width, maxillary intercanine width, maxillary interpremolar width, and mandibular intermolar width) during three time periods (expansion, retention, and net change) were statistically pooled. The sensitivity analysis revealed that the results from the meta-analysis were generally robust. Egger's test and begg's test detected no publication bias except for maxillary intercanine width in expansion period for SME versus control. CONCLUSiONS: SME is effective in expanding maxillary arch, while we cannot determine its effectiveness in mandibular arch expansion. RME is effective in expanding both maxillary and mandibular arches. Furthermore, SME is superior to RME in expanding molar region of maxillary arch, while similar with RME in mandibular arch expansion. However, we cannot compare their effectiveness in maxillary anterior region.
Introduction
Transverse maxillary discrepancy, presented with posterior crossbite and/or crowding, is a common malocclusion among adolescents and adults (Proffit et al., 1998) . Pertinent maxillary expansion appliances were devised to expand the constricted maxillae (Haas, 1965) . Since their introduction in 1860s (Angell, 1860) , they have been gaining more and more popularity in the orthodontic community (Lagravere et al., 2005b) . Based on the amount of expansion rate and force, maxillary expansion techniques can be divided into rapid maxillary expansion (RME) and slow maxillary expansion (SME). Compared with RME, SME is characterized with lower forces with longer treatment durations, rendering it a more physiological approach (Martina et al., 2012) . A large body of evidence indicated that both modalities were effective for transverse maxillary discrepancy (Cozzani et al., 2007; Corbridge et al., 2011) . However, great concerns arouse regarding their relapse (Gurel et al., 2010; Corbridge et al., 2011) , especially in those without retention (Huynh et al., 2009) . Furthermore, controversy still exists for their clinical superiority-comparable results (Martina et al., 2012) or superiority of RME (Akkaya et al., 1998) . To date, whether they are effective for transverse maxillary discrepancy and which is superior are still poorly understood. Although pertinent systematic reviews have been published (Lagravere et al., 2005a (Lagravere et al., ,b, 2006 Zuccati et al., 2011) , definitive conclusions are yet to be reached due to limited number of included studies, no up-to-date evidence, and no meta-analyses. Therefore, we conducted an up-to-date systematic review and meta-analysis to determine and compare the effectiveness of RME and SME for transverse maxillary discrepancy.
Materials and methods

Registration of meta-analysis
The protocol for this meta-analysis (CRD42012003473) was registered in International Prospective Register of Systematic Review (http://www.crd.york.ac.uk/prospero/).
Inclusion criteria for included studies
Studies that evaluated the outcomes of RME and SME or that compared them were included. Both randomized controlled trial (RCT) and non-RCT were eligible. Participants would be otherwise healthy adults or children who had certain degree of transverse discrepancy and required maxillary expansion. However, participants with orofacial anomalies, dental pathologies, and medical conditions would be excluded. Moreover, interventions would be RME, SME, or both.
Search methods
PubMed, Embase, Web of Science, CENTRAL, ProQuest Dissertations & Theses, ClinicalTrial.gov, and SIGLE were electronically searched from January 1980 to October 2012 with no language restriction. Specifically, the search strategy for PubMed is presented in Supplementary Table 1. Two review authors conducted the electronic search independently and in duplicate. Disagreements were solved by discussion.
Data extraction and analysis
Data extraction. The following data were extracted independently and in duplicate by two review authors: study design, participant information, appliance, activation frequency, treatment duration, and retention duration.
Primary and secondary outcomes. Primary outcomes include the changes of maxillary intermolar widths and maxillary intercanine widths. Secondary outcomes were the changes of maxillary interpremolar widths and mandibular intermolar widths.
Data analysis. Original outcome data, if possible, were subjected to statistical pooling by Review Manager 5 (The Cochrane IMS). Mean difference (MD) was used for statistical pooling for continuous data. Heterogeneity across studies was assessed through the I 2 statistic, with a value greater than 50 per cent being considered substantial heterogeneity. Egger's test (Egger et al., 1997 ) and Begg's test (Begg and Mazumdar, 1994) were used to assess publication bias through Stata 12.1. Furthermore, sensitivity analysis was conducted to assess the robustness of meta-analysis.
The independent quality of included studies was assessed by two reviewer authors according to Cochrane Collaboration's Tool for assessing risk of bias (Higgins and Altman, 2008) . The main items included sequence generation, allocation concealment, blinding, incomplete outcome data, selective outcome reporting, and other risks of bias. Any disagreement was discussed and a third reviewer consulted when necessary.
Results
The search strategy yielded 2931 studies and finally we included 14 studies in this systematic review (2 RCTs and 12 controlled clinical trials). Sample sizes in individual studies ranged from 24 to 153, with a total being 1048; ages ranged from 6.6 to 32.7 years old. Two studies exhibited high quality, nine studies displayed medium quality, and three studies showed low quality. The process of literature searching is displayed in Figure 1 . Moreover, the characteristics and quality assessment of the included studies are presented in Table 1 and Supplementary Table 2 , respectively.
Description of outcomes
All outcomes (the changes of maxillary intermolar, intercanine, and interpremolar widths, and the changes of mandibular intermolar width) were reported in the included studies. Different measurement landmarks and treatment strategies were employed in included studies (Supplementary Table 3 ). For each outcome, three parameters were studied, i.e. expansion (the changes between before treatment and immediately after treatment), retention (the changes in the retention periods), and net change (the overall change between after retention and before treatment).
Description of interventions
In this systematic review, two interventions were adopted: RME and SME. For RME, the rate of expansion generally varies in growing children from approximately 0.2 mm (1 turn) to 0.5 mm (2 turns), or more per day over a period of 1-3 weeks, and has an approximate 100 N across the midpalatal suture (Bell, 1982) , e.g. Haas and Hyrax. In contrast, SME is defined as 1 turn (0.25 mm of expansion) every second day for a Haas or Hyrax appliance, or 1 molar widths activation for a quad-helix, with a force of 5-20 N (Hicks, 1978) .
Effects of interventions
SME versus control Maxillary intermolar width. Five studies investigated this outcome (Erdinc et al., 1999; Petren and Bondemark, 2008; Godoy et al., 2011; Petren et al., 2011; Shundo et al., 2012) . A statistical pooling for retention was unavailable due to lack of the data in four studies (Erdinc et al., 1999; Petren and Bondemark, 2008; Petren et al., 2011; Shundo et al., 2012) . Thus, meta-analysis was only performed for expansion and net change, it revealed that the pooled MD was 4.45 mm [95 per cent confidence interval (CI) = (3.31, 5.58)] and 2.49 mm [95 per cent CI = (0.56, 4.42)], respectively (Figure 2) . Maxillary intercanine width. Four studies investigated this outcome (Erdinc et al., 1999; Petren and Bondemark, 2008; Godoy et al., 2011; Petren et al., 2011) . Likewise, only expansion and net change were available for statistical pooling and the results showed that the pooled MD was 2.58 mm [95 per cent CI = (1.25, 3.91)] and 2.27 mm [95 per cent CI = (1.43, 3.10)], respectively (Supplementary Figure 1) .
Maxillary premolar width.
Unfortunately, none of the included studies investigated this outcome. Mandibular intermolar width. Five studies investigated this outcome (Erdinc et al., 1999; Petren and Bondemark, 2008; Godoy et al., 2011; Petren et al., 2011; Shundo et al., 2012) . Similarly, meta-analysis was only performed for expansion and net change. 
RME versus control Maxillary intermolar width.
Six studies investigated this outcome (Handelman et al., 2000; McNamara et al., 2003; Isik et al., 2005; Geran et al., 2006; O'Grady et al., 2006; Phatouros and Goonewardene, 2008) . The expansion outcome was a significant increase in the maxillary intermolar width [pooled MD = 4.09 mm, 95 per cent CI = (3.43, 4.76)], followed by a non-significant relapse [pooled MD = −0.40 mm, 95 per cent CI = (−1.00, 0.19)]. Moreover, the pooled MD of net change was 3.58 mm (95 per cent CI = 3.17-3.98; Figure 3 ). Maxillary intercanine width. Six studies investigated this outcome (Handelman et al., 2000; McNamara et al., 2003; Isik et al., 2005; Geran et al., 2006; O'Grady et al., 2006; Phatouros and Goonewardene, 2008) . The expansion outcome was a significant increase in the maxillary intercanine width [pooled MD = 2.7 mm, 95 per cent CI = (2.15, 3.27)], followed by a non-significant relapse [pooled MD = −0.41 mm, 95 per cent CI = (−1.22, 0.40)]. Furthermore, the pooled MD of net change was 2.64 mm (95 per cent CI = 2.20-3.08; Supplementary  Figure 3) .
Maxillary interpremolar width.
Six studies investigated this outcome (Handelman et al., 2000; McNamara et al., 2003; Isik et al., 2005; Geran et al., 2006; O'Grady et al., 2006; Phatouros and Goonewardene, 2008) . Similarly, the expansion outcome was a significant increase in the Figure 4) . Mandibular intermolar width. Five studies investigated this outcome (Handelman et al., 2000; McNamara et al., 2003; Isik et al., 2005; Geran et al., 2006; O'Grady et al., 2006) . The expansion outcome was a significant increase in the mandibular intermolar width [pooled MD = 1.19 mm, 95 per cent CI = (0.89, 1.49)], followed by a significant increase in retention period [pooled MD = 0.65 mm, 95 per cent CI = (0.38, 0.92)]. The net change was also a highly significant increase [pooled MD = 2.02 mm, 95 per cent CI = (1.58, 2.45)] (Supplementary Figure 5) . RME versus SME Maxillary intermolar width. Three studies examined this outcome (Ladner and Muhl, 1995; Sandikcioglu and Hazar, 1997; Akkaya et al., 1998) . Retention data were unavailable in Sandikcioglu and Hazar (1997) , but we imputed them by using an algorithm through a correlation coefficient (r = 0.94; Abrams et al., 2005) , which were also done for the outcomes below. Non-significant results were found in expansion 
Table 1
Characteristics of the included studies. RME, rapid maxillary expansion; SME, slow maxillary expansion; SRME, semi-rapid maxillary expansion; RCT, randomized controlled trial; CCT, controlled clinical trial. CCT Quad-helix (n = 14, 9.7 ± 1.4 years) SME versus control (quad-helix: once a month)
7.2 months NA Expansion plate (n = 13, 9.3 ± 1.1 years) Control (n = 10, 9.4 ± 1.3 years)
Petren and Bondemark (2008) RCT Quad-helix (n = 15, 9.1 ± 1.0 years) SME versus control (quad-helix: every 6 weeks)
4.8 ± 3.5 months 
CCT Child RME (n = 47, 9.5 ± 1.3 years) RME versus control (Hass: once a day)
weeks
Adult RME: >3 months; child RME: 3-6 months Adult RME (n = 47, 29.9 ± 8.0 years) Adult control (n = 52, 32.7 ± 7.4 years) Isik et al. (2005) CCT Expansion (n = 15, 14.0 ± 2.9 years) RME versus control NA NA Non-extraction (n = 42, 14.2 ± 2.8 years)
Extraction (n = 27, 13.6 ± 2.6 years)
Phatouros and Goonewardene (2008) CCT RME (n = 43, mean age: 9.1 years) RME versus control (Hyrax: 2/day for the first 3 days and 1/day for the next 7 days) 9 weeks 13 weeks Control (n = 7, mean age: 9.3 years) Geran et al. (2006) CCT RME (n = 51, mean age: 8. Until buccal crossbite was approached 5 months RME + Schwarz (n = 23, 9.1 ± 0.9 years) Control (n = 16, 8.0 ± 0.8 years) Akkaya et al. (1998) CCT RME (n = 12, mean age: 12.0 years) RME versus SME RME:0.7-1.6 months 3 months RME (Hyrax, 2/day); SME (Minne-expander, 1/week) SME:1.0-5.1 6 months SME (n = 12, mean age: 12.3 years) Ladner and Muhl (1995) CCT RME (n = 30, mean age: 11.7 years) RME versus SME RME: 3 months RME: 33 ± 13 months RME (rapid palatal expander); SME (quad-helix) SME (n = 30, mean age: 11.9 years) SME: 5 months SME: 21 ± 8 months Sandikcioglu and Hazar (1997) CCT SRME (n = 10, mean age: 6.6 years) RME versus SME SRME:5.5 months SRME: 7 months SME (n = 10, mean age: 8.6 years) SRME (removable plates, 1/2 day); SME (quad-helix, 1/2 week); RME (Hyrax, 2/day) SME: 2 months SME: 3-4 months RME (n = 10, mean age: 8.9 years) RME:19.2 days RME: 3 months NA, not applicable.
THE EFFECTIVENESS OF NON-SURGICAL MAXILLARY EXPANSION
237 change was significantly larger in SME than in RME [pooled MD = −0.75 mm, 95 per cent CI = (−1.09, −0.40)] (Figure 4) . Maxillary intercanine width. Three studies examined this outcome (Ladner and Muhl, 1995; Sandikcioglu and Hazar, 1997; Akkaya et al., 1998) . The meta-analysis revealed no significant differences regarding expansion, retention, and net change between RME and SME (Supplementary Figure 6) .
Maxillary interpremolar width.
Only two studies investigated this outcome (Sandikcioglu and Hazar, 1997; Akkaya et al., 1998) . Similarly, the meta-analysis revealed no significant differences regarding expansion, retention, and net change between RME and SME (Supplementary Figure 7) . Mandibular intermolar width. Two studies evaluated this outcome (Ladner and Muhl, 1995; Akkaya et al., 1998). However, only expansion data were available for in meta-analysis. The pooled MD was −0.68 mm [95 per cent CI = (−2.06, 0.69)], indicating that no significant difference between RME and SME (Supplementary Figure 8) .
Sensitivity analysis or subgroup analysis.
The sensitivity analysis showed that unstable results were found in mandibular intermolar width in both expansion and net change periods for SME versus control (Table 2) ; maxillary intermolar, intercanine, and interpremolar widths in the retention period for RME versus control (Table 3) ; maxillary intermolar width in expansion period and maxillary intercanine widths in all the expansion, retention, and net change periods for RME versus SME (Table 4) .
Assessment of publication bias.
Neither Egger's test nor Begg's test revealed any evidence of publication bias except for maxillary intercanine width in expansion period for SME versus control (Supplementary Table 4) . Handelman et al. (2000) was of low quality, while others were of medium quality. **** Handelman et al. (2000) examined the comparison between RME and control only in adults.
Discussion
In this systematic review, the included 14 studies evaluated four outcomes (maxillary intermolar, intercanine and interpremolar widths, and mandibular intermolar width). All four outcomes were included in the meta-analysis. Most of the included studies were of medium quality. Although significant changes from the original estimates were found for several outcomes in the sensitivity analysis, the results from the meta-analysis were generally robust. Egger's test and Begg's test detected no publication bias except for maxillary intercanine width in expansion period for SME versus control.
SME versus control
This meta-analysis indicated that SME could gain a significant increase in the width of maxillary arch although there was relapse to some extent ( Figure 2 and Supplementary  Figure 1 ). The pooled MD of mandibular intermolar width for expansion (Supplementary Figure 2) indicated that SME was ineffective in widening mandibular arch. As stated above, the sensitivity analysis showed that results from the meta-analysis were stable except for mandibular intermolar width (Table 2) . Although maxillary intercanine width in expansion period suffered from a publication bias, that in net change period did not. Thus, we suggest that SME is effective in expanding maxillary arch. Nevertheless, due to unstable results in mandibular intermolar width, we could not determine the effectiveness of SME on mandibular arch.
RME versus control
As presented in Figure 3 , for maxillary intermolar width, the meta-analysis was indicative of a significant increase in expansion period, a non-significant relapse in the retention period, and a significant increase in net change. Similar results were found for maxillary intercanine width (Supplementary Figure 3) , maxillary interpremolar width (Supplementary Figure 4) , and mandibular intermolar width (Supplementary Figure 5) , except for an increase in mandibular intermolar width in the retention period. Although no direct expanding forces existed in mandibular arches, expanded maxillary molars could exert occlusal forces on mandibular molars that would expand mandibular arches (Gryson, 1977) . Moreover, due to the rapid expansion nature of RME and slow adaptation of occlusion, there was a mild increase in mandibular intermolar width in retention period. Although sensitivity analysis revealed that the results of maxillary arch widths (intermolar, intercanine, and interpremolar) were not stable for retention period, those were stable for expansion period and net change (Table 3) . Moreover, neither Begg's nor Egger's test detected any publication bias. Therefore, we suggest that RME is effective in expanding both maxillary and mandibular arches. Table 4 Sensitivity analysis or subgroup analysis for RME versus SME. RME, rapid maxillary expansion; SME, slow maxillary expansion. Those highlighted in bold are significantly different from the original estimates. *Exclusion of studies using reference points other than central fossa for molars and premolars and those other than cusp tip for canines. **Exclusion of low-quality studies. For each item, the same study, Ladner and Muhl (1995) , was excluded.
RME versus SME
The meta-analysis showed that no significant differences between two modalities for maxillary intercanine (Supplementary Figure 6) , maxillary interpremolar (Supplementary Figure 7) , and mandibular intermolar (Supplementary Figure 8) widths in expansion period, relapse period, or net change. Moreover, no significant differences between two modalities existed in expansion and retention periods for maxillary intermolar width, but, ironically, the net change differed significantly for maxillary intermolar width (Figure 4) . We attribute this inconsistence to different treatment strategies in included studies, which may confound the results (expansion only or expansion plus additional fixed orthodontic treatment). Therefore, we performed a subgroup analysis on expansion only and found RME was less effective than SME in expanding maxillary molars in expansion period and net change, with no difference in retention period (Table 4 ). The sensitivity analysis was indicative of unstable result of maxillary intercanine width in all three periods. Neither Begg's test nor Egger's test detected any publication bias. Therefore, we suggest that SME is superior to RME in expanding molar region of maxillary arch, with no differences in effectiveness regarding maxillary interpremolar and mandibular intermolar width. However, we cannot compare their effectiveness in anterior region of maxillary arch. The limitations of this systematic review included limited number of high-quality studies, different treatment strategies (expansion only or expansion plus fixed orthodontic treatment), and different measurement landmarks (central fossa, cervical margin, or mesiobuccal cusp tip). Hence, more studies are expected to produce high-quality evidence with standard measurement method and unified treatment strategy. Moreover, although the pre-post tipping change of maxillary first molar is a very interesting topic, the limited number of studies comparing RME with SME and the inaccuracy of measurement method prevented us from an in-depth analysis. Specifically, these studies measured molar tipping by calculating the changes in angles formed by the intersection of lines passing buccal and palatal tips of left and right molars. We think this measurement is unreliable: palatal expansion may cause molar buccal tipping, which in turn may result in a lower position of palatal tips. These low positioned palatal tips may undergo abrasion during the treatment period, which may cause the measurement based on buccal and palatal tips unreliable. Therefore, further studies based on more reliable methods, e.g. cone-beam computed tomography, are recommended.
Conclusions SME is effective in expanding maxillary arch, while we cannot determine its effectiveness in mandibular arch expansion. RME is effective in expanding both maxillary and mandibular arches. Furthermore, SME is superior to RME in expanding molar region of maxillary arch, while similar with RME in mandibular arch expansion. However, we cannot compare their effectiveness in maxillary anterior region.
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